[1] Mining of the database produced by seismic array stations of the International Monitoring System has resulted in hundreds of new observations of precritical reflections from Earth's inner core. Here we present short-period amplitude ratios between these PKiKP phases and corresponding reflections (PcP) from the core-mantle boundary (CMB). PKiKP/PcP amplitude ratios are one of the few seismic observations that directly constrain the change in S velocity and density across the inner core-outer core boundary. We measure the amplitude ratios from optimally tuned array beams and use a bootstrap technique to estimate observational uncertainties. We also use a model resampling technique to estimate uncertainties associated with the background reference model. The optimal models have S velocities at the top of the inner core less than about 2.5 km/s and density jumps across the inner core-outer core boundary of less than about 0.45 g/cm 3 . These values can be reconciled with the higher estimates from normal mode constraints if strong radial gradients are present in the top of the inner core or if the outermost inner core has material properties distinct from the bulk of the inner core. We also find evidence for an ultralowvelocity zone in the lowermost mantle beneath the eastern coast of Australia. A unique, best fitting model cannot be determined, but an example that is consistent with the data has a reduction in P velocity of 10%, a reduction in S velocity of 35%, and an increase in density of 20%. This type of structure could be explained by the presence of partial melt and increased iron content just above the CMB. 
Introduction
[2] Models of the state and composition of Earth's core are produced by combining seismological and mineralogical observations. The seismological observations give direct estimates of quantities such as density, bulk modulus, rigidity, Q, and velocity anisotropy [Dziewonski and Anderson, 1981; , while laboratory experiments [Hemley and Mao, 2001] and ab initio calculations [Alfe et al., 2002] provide candidate mineralogical models that are consistent with the seismological constraints and are thermodynamically stable at the extreme pressure and temperature conditions of the core. Such modeling long ago indicated that a small fraction of the fluid outer core must be composed of a ''light element'' with atomic number much lower than either iron or nickel [Birch, 1964] ; however, a consensus has only recently been reached that the solid inner core must contain a significant fraction of light element as well [Jephcoat and Olson, 1987; Poirier, 1994; Stixrude et al., 1997; Li et al., 2001; Alfe et al., 2002] .
[3] The identity and amount of this element have important implications for geodynamo models since both the thermal and compositional driving forces for convection in the outer core depend on the nature of the light element released as the inner core freezes. The presence of a light element in the inner core also perturbs the phase diagram of iron, perhaps causing some iron in the inner core to have bcc structure rather than hcp [Lin et al., 2002] . Obviously, this would complicate interpretations of inner core anisotropy, which have previously used pure, hcp Fe to explain seismological observations [Steinle-Neumann et al., 2001] . There are also new seismological observations suggesting that the center of the inner core has a different type of anisotropy than the outer portions, perhaps indicating a solid-solid phase transition in the Fe light element system Beghein and Trampert, 2003] .
[4] The seismic properties of the inner core-outer core boundary (ICB) are particularly relevant to mineralogical models of the core because this interface defines a phase boundary in the Fe light element system. While the jump in P velocity at the ICB is well constrained from the travel times of refracted body waves, the jumps in density and S velocity at the ICB are more poorly known Shearer and Masters, 1990] . Existing seismic constraints on these properties come mainly from two areas: eigenperiods of Earth's normal modes and amplitudes of compressional waves reflected from the inner core (PKiKP). Technically, it is only the PKiKP amplitudes that directly constrain the ICB region, since the mode data have broad, depth-dependent sensitivity kernels; however, in combination with reasonable assumptions about the ICB the mode data provide important ICB constraints. A third potential seismological constraint comes from inner core shear waves; however, these waves are notoriously difficult to detect. Recent reports of three inner core shear waves [Okal and Cansi, 1998; Deuss et al., 2000] are probably more credible than previous claims, but until the number and reliability of the observations are improved, the constraints offered by inner core shear waves remain inferior to mode and PKiKP data.
[5] PKiKP amplitudes have most commonly been studied in combination with a reference phase. The amplitude ratios of PKiKP with respect to a reference phase are more robust than absolute PKiKP amplitudes, since the ratios are relatively insensitive to variations in shallow Earth structure and properties of the source such as its precise location, magnitude, and radiation pattern. At postcritical distances (D1 10°) the P wave refracted through the inner core (PKP DF ) has been used as a reference [Muller, 1973; Hage, 1983; Choy and Cormier, 1983; Cummins and Johnson, 1988] , and at precritical distances the reflection from the coremantle boundary (PcP) has been used as a reference [Bolt and Qamar, 1970; Bolt, 1972; Buchbinder et al., 1973; Souriau and Souriau, 1989; Shearer and Masters, 1990] . Difficulties at precritical distances include detection of the low-amplitude PKiKP phase and variations in PcP amplitudes caused by lateral heterogeneities in the lowermost mantle. Difficulties at postcritical distances include interference between PKiKP and PKP DF , which arrive at very similar times, and an additional trade-off with attenuation in the top of the inner core. Nevertheless, the two methods have provided valuable constraints for radial ICB models and are promising directions for work on lateral variations in ICB structure.
[6] In this paper we revisit the issue of seismic constraints on radial ICB models, especially the jumps in S velocity and density, using a new data set of PKiKP/PcP amplitude ratios that is approximately 15 times larger than all previous observations combined. The new data set is also geographically diverse relative to previous studies and so gives a better global average of ICB properties. Because of the sensitivity of our reference phase (PcP) to variations in core-mantle boundary (CMB) structure, we investigate the potential biases in our inferred ICB properties caused by lower mantle heterogeneities. Furthermore, we evaluate the possibility of using PKiKP/PcP amplitude ratios to map out heterogeneities in the lowermost mantle. Previous authors have interpreted PcP/P amplitude ratios in terms of CMB structure [Muller et al., 1977; Neuberg and Wahr, 1991; Kruger et al., 1995; Persh, 2002] ; however, for some distance ranges, PKiKP/PcP ratios can be finer probes because of greater ray path similarity between PKiKP and PcP than between P and PcP.
2. Observation of PKiKP/ / / / / / / / / / / / /PcP Amplitude Ratios
[7] The primary difficulty in measuring PKiKP/PcP amplitude ratios is detection of PKiKP at precritical distances. This phase has very low amplitude and is almost impossible to detect on individual three-component seismometers. Of the approximately 50 published observations of precritical PKiKP, only three were made using individual seismometers [Engdahl et al., 1970; Buchbinder et al., 1973; Qamar, 1973; Engdahl et al., 1974; Souriau and Souriau, 1989; Shearer and Masters, 1990; Bina and Silver, 1997] . Unfortunately, even many of the PKiKP observations made at array stations were so poor that not even the travel time was reported, and in only 18 instances were PKiKP/PcP amplitude ratios published. However, we have recently constructed a new database of over 300 observations of precritical PKiKP that were made at seismograph stations of the International Monitoring System (IMS) . The large increase in observations is due to the fact that a significant fraction of the IMS seismograph stations are small-aperture arrays of short-period seismometers. The same properties and techniques that make these array stations useful for detecting and locating nuclear weapons tests make them ideal for observing obscure, small-amplitude body wave phases.
[8] We constructed the PKiKP database by searching through IMS array data from the open period of 1 January 1995 to 20 February 2000. These data are warehoused at the prototype International Data Center in Washington, D. C., and are freely available. The PKiKP phases were identified and validated using a phase-weighted beam-forming technique that allows precise measurement of arrival times and slownesses for low-amplitude phases. The resulting 294 joint PKiKP-PcP observations arose mainly from array stations at regional distances from subduction zones, with 99% of the data sampling four distinct geographical areas: Australia, eastern Asia, Alaska and western Canada, and Central America. An additional eight PKiKP-PcP observations were made at an extraordinarily sensitive three-component station in southern Australia (STKA). Details of this procedure, the resulting database, and PKiKP-PcP differential travel time residuals are reported elsewhere .
[9] Previously, we found that the PKiKP-PcP differential times measured from array beams were generally insensitive to the slowness vector used to construct the beams and that depending on the array geometry, slowness variations as large as 2 -3 s/deg would not affect the inferred times; however, initial tests indicated that PKiKP/PcP amplitude ratios are significantly more sensitive to slowness. Therefore we have modified our array processing programs to make more accurate beams. We now use linear interpolation to form beams for a given slowness vector, rather than simply rounding the time shift to the nearest time sample, and we also resample the data to a sampling interval of 0.01 s. We find that PKiKP ray parameters are now systematically lower, and more accurate, by 0.5-0.8 s/deg. Although it seems counterintuitive, other studies have also found that use of time dimensions smaller than the sampling interval can improve slowness resolution [e.g., Bokelmann, 1995] . We also developed a bootstrap type algorithm to estimate standard errors for the optimal slownesses, peak amplitudes, and amplitude ratios.
[10] The details of our data processing are as follows. Initially all traces were visually inspected for quality and band-passed between 1.0 and 3.0 Hz using a two-pole, causal Butterworth filter. The instrument responses were not removed since at these frequencies, amplitude is directly proportional to ground velocity, and this factor cancels out when taking amplitude ratios. For each PcP and PKiKP phase we defined time windows approximately 3 -6 s long that bracketed the main energy and used a recursive grid search over two-dimensional, Cartesian slowness vectors (s x , s y ) to find the combination giving the maximum beam power in the predefined time window. The first pass of the grid search was run with bounds of À10.0 to 10.0 s/deg, using increments of ±0.5 s/deg for both slowness components, and the second pass was centered on the best combination from the first pass, with search bounds of ±0.5 s/deg and search increments of 0.025 s/deg. We checked that this process gives the same results as if one grid search were done from À10.0 to 10.0 s/deg using an increment 0.025 s/deg. We used this recursive grid search because the computational speedup that it provides becomes important in the error analysis. The observed PKiKP/PcP amplitude ratio is simply defined as the maximum PKiKP beam power divided by the maximum PcP beam power.
[11] We generated error bounds for each amplitude ratio using a bootstrap type resampling algorithm [Efron and Tibshirani, 1991] . For each source-receiver combination we generated a pseudoarray by randomly resampling, with replacement, the N seismograms from the array. We then used the recursive grid search procedure to find the optimal PcP slowness and amplitude, the optimal PKiKP slowness and amplitude, and the optimal PKiKP/PcP amplitude ratio. We repeated this process M times to generate a set of solutions from which we calculated the mean and standard deviation for each of the five parameters. We then used these standard deviations as proxies for the standard errors of the optimal parameters originally derived using the unperturbed array geometry. As a compromise between stability and computational efficiency we used M = 50. Using a somewhat different value does not significantly affect our results.
[12] We present an example of the bootstrap procedure in Figure 1 using an average quality PKiKP observation. The optimal slownesses were determined with a single grid search using increments of 0.1 s/deg. The PcP slowness estimate, in terms of ray parameter (
) and back azimuth (atan(s x /s y )), is 3.3 ± 0.5 s/deg and 8.6°± 5.8°, and the corresponding PKiKP values are 1.7 ± 0.6 s/deg and 0.0°± 150°. The theoretical back azimuth is 9.0°, and the theoretical ray parameters are 3.6 and 1.0 s/deg. The uncertainties for PKiKP slownesses are almost always higher than the corresponding uncertainties for PcP slownesses because of lower signal-to-noise ratios. The back azimuth estimates of both phases, but especially PKiKP, are commonly poor because of the low ray parameters. The optimal PKiKP/PcP amplitude ratio is 0.056 ± 0.006, while the theoretical value (PREM) is 0.031. Similar results for this example are obtained when using the two-step recursive grid search described above.
[13] A factor that has a nonnegligible effect on the observed ratios is the particular way that beam power is defined. For instance, in the above example we defined beam power as maximum absolute value amplitude in the time window, but if we instead use the root-mean-square (RMS) amplitude in the time window, the ratio becomes 0.049. We experimented with other options as well, such as picking maxima with same sign in both the PcP and PKiKP time windows and using beams weighted by stacks of the instantaneous phase, which acts as a coherency measure [Schimmel and Paulssen, 1997] . Ultimately, we settled on defining beam power as the absolute value maximum, in the appropriate time window, using linear beams. The RMS metric introduced an unappealing dependence on the bounds of the time windows, and the phase-weighted beams caused slight distortions of the beam amplitudes.
[14] There are two limitations of this data set that are relevant to the topics of this paper. The first is that the distance range of the observations is limited to 5°-57°, with 75% of the observations at distances of 20°-40°. The sensitivity of PKiKP/PcP amplitude ratios to CMB and ICB properties is a strong function of ray parameter and so depends strongly on distance. In general, the lack of PKiKP/ PcP observations at small distances does not diminish the constraints on ICB structure, but the lack of observations for D > 50.0°does diminish the constraints on the S velocity below the ICB. We discuss these issues in detail in section 4.1. The second limitation is that the PKiKP observations were made on the basis of reports from a travel time catalog (the Reviewed Event Bulletin, produced by the preliminary International Data Center). The data set was not constructed from a systematic search for PKiKP based on consideration of focal mechanism and source-receiver geometry, and so we do not include ''nonobservations'' of PKiKP as upper limits on PKiKP amplitude in our data set. Therefore it is possible that our PKiKP/PcP amplitude ratios will be biased toward high values. This factor has probably affected previous studies of PKiKP/PcP amplitude ratios [see Shearer and Masters, 1990 ], but we feel it is less of a factor here because of the relatively large number and the geographical diversity of PKiKP observations.
Results

Ray Parameter Residuals
[15] Histograms of PcP and PKiKP ray parameter residuals are presented in Figure 2 . These estimates are particularly relevant in confirming the identity of prospective PKiKP arrivals. Using only travel times, it is possible that a P wave from a second earthquake, perhaps too small to be located, could be mistakenly identified as PKiKP. For certain deep earthquakes the phase sScP can have the same theoretical travel time as PKiKP, and so the slowness must be used to discriminate between the two. It has even been suggested that ScS, which has equivalent travel times to PKiKP for a range of distance and depth combinations near 30°, could be contaminating our PKiKP time windows. The last case is very unlikely since all of our data come from high-frequency, vertical component seismometers and ScS is a long-period phase with mostly horizontal particle motion. However, we have observed a handful of cases where a phase arriving close to a validated PKiKP phase matches the predictions for ScS in time and slowness. The important point though is that any ScS energy that might be arriving near the PKiKP window has a substantially higher slowness than PKiKP and is attenuated by the wave number filter. Furthermore, since the peak amplitude in the time window is used as the metric for determining both slowness and amplitude, the observed amplitude is always solely indicative of the low slowness PKiKP phase. This argument also holds for any ScS depth phase, as well as any ScS-type phase that converts to P at the Moho beneath an array. All such phases would have slownesses significantly higher than PKiKP and would give ray parameter residuals of approximately 3 -4 s/deg.
[16] The slightly positive mean for the PKiKP ray parameter residuals in Figure 2 is most likely an artifact of the slowness parameterization. Assuming that the ray parameter observations are distributed in a symmetric manner about a ''true'' ray parameter then for very low true ray parameters many of the underestimates that should be negative will be folded over to artificially positive values. For the PcP phases, which have larger ray parameters and smaller observational uncertainties, this phenomenon does not occur. The asymmetrical tail of positive ray parameter residuals seen in the PKiKP histogram is created mainly from observations at PDAR and TXAR, arrays that are known to have significant slowness anomalies. For both arrays a baseline trend in slowness residuals has been observed that is independent of the direction from which the wave was actually arriving [Bondar et al., 1999] . In terms of twodimensional (2-D) Cartesian slowness vectors these default corrections are (0.53, À2.11) s/deg for TXAR and (2.41, Figure 1 . Slowness estimates for a 5.2 m b event that occurred 48.6°from ASAR with a hypocenter of 24.72°N, 141.33°E, 124 km. In units of s/deg, for PcP we find s x = 0.5 ± 0.4, s y = 3.3 ± 0.5 and for PKiKP we find s x = 0.0 ± 0.4, s y = 1.7 ± 0.7. The slowness estimates are obtained using a 2-D grid search with increments of 0.1 s/deg in both variables, and the errors are derived using a bootstrap procedure described in the text. The bootstrap solutions are shown as triangles on the slowness grids, and the optimal PcP and PKiKP beams are shown above their respective slowness grid. Beam power is defined here as the maximum absolute value amplitude in the 4-s-long time window that brackets each phase. All traces are filtered between 1.0 and 3.0 Hz with a two-pole Butterworth filter.
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KOPER AND PYLE: PKIKP/PCP AMPLITUDE RATIOS À1.49) s/deg for PDAR (I. Bondar, written communication, 2002) . Implementation of these corrections nearly eliminates the tail of anomalously big PKiKP ray parameter residuals seen in Figure 2 . For example, the RMS PKiKP slowness residual for the 11 PDAR events drops from 2.3 to 1.1 s/deg when the corrections are implemented.
[17] On the basis of our new algorithm for estimating optimal slownesses and their uncertainties (as described in section 2), 15 of the original 302 joint PKiKP-PcP observations from have been eliminated and are not included in Figure 2 . In these cases the PKiKP ray parameter could not definitively be said to be within 2.5 s/deg of the theoretical value, even considering the empirically derived corrections of Bondar et al. [1999] . These data were borderline observations, having very low signal-to-noise ratios, and were unimportant to the conclusions of . We also did not include eight events from the previous data set that were recorded at the nonarray station STKA in Australia, since they could not be processed in the same manner as the array data, especially in terms of error analysis. These observations add little to the overall data set, either geographically or distance-wise, and have unremarkable PKiKP/PcP amplitude ratios. Hence the final data set consists of 279 PKiKP/PcP amplitude ratios.
Amplitude Ratios
[18] The PKiKP/PcP amplitude ratios are presented as a function of distance in Figure 3a . The data are reasonably well fit by PREM, taking into account the reflection and transmission coefficients at the CMB, the reflection coefficient at the ICB, differences in geometrical spreading, and differences in anelastic attenuation. We use the expressions of Zhao and Dahlen [1993] for the reflection and transmission coefficients. This result differs from previous studies of The mean and standard deviation of each bin are calculated taking the means and standard deviations of the individual ratios into account, assuming that the errors are statistically independent [Bevington, 1969] .
PKiKP/PcP amplitude ratios, which found substantially higher values [Bolt and Qamar, 1970; Bolt, 1972; Souriau and Souriau, 1989] , and supports the suggestions of Shearer and and Souriau and Souriau [1989] that these older values are negatively influenced by PKiKP sampling bias. A remarkable feature of Figure 3a is the large amount of apparent scatter near 30°; however, it turns out that only a relatively few number of data contribute to this feature. This is apparent in Figure 3b , in which the data have been binned in ray parameter increments of 2.0 s/rad and then converted to the equivalent distance for a zero depth event. The mean and standard deviation for each bin are calculated, taking into account the value and standard error of each individual datum [Bevington, 1969] . In this reduced data set the averaged distance-dependent trend can be clearly seen, contradicting the conclusion of Buchbinder et al. [1973] that PKiKP/PcP amplitude ratios are too noisy to place useful constraints on Earth structure. We provide an interpretation for the anomalously large PKiKP/PcP amplitude ratios near 30°, which are clustered geographically, in section 4.2.
[19] Technically, each PKiKP/PcP amplitude ratio is a function of two variables, either the depth and distance or the theoretical PcP and PKiKP ray parameters, and cannot be perfectly binned with one independent variable. In Figure 4 we present a histogram of the actual amplitude ratio residuals taking this dependency into account. We define the logarithmic amplitude ratio residual (LARR) as
So, for example, a PKiKP/PcP observation with a LARR of 0.0 matches theoretical expectations exactly, one with a LARR of 0.32 is twice as large as expected, and one with a LARR of À0.32 is half as large as expected. The LARR histogram has a mean near 0.30 with a slight asymmetry caused mainly by the anomalous 30°data. The slightly positive mean may be related to the PKiKP sampling bias mentioned earlier, but we feel it is more likely a true Earth structure signal.
[20] We present the geographical distribution of LARRs in Figure 5 . Although there is substantial variation in the LARRs, there is consistency within specific geographic clusters. This consistency adds confidence that the amplitude ratios can safely be interpreted in terms of Earth structure and that observational errors do not overwhelm the data. Particularly satisfying is the similarity of amplitude ratios that have similar bounce points but are recorded at separate stations, observed repeatedly for the Australia stations at Warramunga (WRA) and Alice Springs (ASAR). The most remarkable feature in the geographical variation of the data is the concentration of the very highest LARRs along the path from earthquakes in the Vanuatu subduction zone to WRA and ASAR. In this region we consistently find amplitude ratios that are high by factors of 8 -12 when compared to theoretical expectations. We provide explanations for these data in section 4.2.
Discussion
Sensitivity of PKiKP/ / /PcP Amplitude Ratios
[21] The PKiKP/PcP amplitude ratios are primarily sensitive to P velocity, S velocity, and density, above and below the ICB and the CMB. Modest variations in Q of the outer core have a smaller effect, and we leave the Q structure fixed at PREM values throughout the paper. Because S velocity is zero in the outer core, the number of model parameters can be reduced to 10. This number can be further reduced to six by recognizing that the amplitude ratios are mainly sensitive to the changes in velocity and density across the CMB and ICB. Especially for the small P velocity and density jumps of the ICB, almost nothing is lost by making this assumption.
[22] We illustrate the influence of these six model parameters on theoretical PKiKP/PcP amplitude ratios in Figure 6 . For distances less than about 20°the amplitude ratios have strong sensitivity to modest variations in density and P velocity at the CMB and so are not useful for constraining ICB structure. At these distances it makes more sense to interpret PKiKP amplitudes directly or with another reference phase, perhaps ScP. For distances of about 25°-50°t he primary sensitivity is to (Dr) ICB and (DP) ICB , with variations in (DP) CMB and (Dr) CMB as large as 15-20% having little effect. For distances of about 50°-80°the amplitude ratios remain insensitive to CMB structure and sensitive to (DP) ICB and (Dr) ICB but are additionally sensitive to S velocity at the top of the inner core. Beyond about 80°, PcP amplitude becomes small and strongly dependent on CMB properties and so makes a poor reference phase for PKiKP, in terms of inferring ICB structure. 2) PKiKP/ PcP amplitude ratios. Clearly, the data from the Vanuatu events are sampling an unusually heterogeneous portion of the deep Earth. We note that the Vanuatu slab dips to the east while the ray paths trend to the west so that an upper mantle explanation is even less likely than normal.
Lateral Variations in CMB Structure
[24] Inspection of the Vanuatu data shows that in contrast to most of the other data, there is a lack of geographical coherency. Within this cluster, ratios more than 10 times larger than expected occur beside ratios that are only 2-3 times larger than expected. Furthermore, data from events that were jointly recorded at ASAR and WRA are Figure 5c indicates the probable ULVZ. not strongly correlated, even though these stations are separated by only 400 km. This also is in contrast to other Australia data. Interestingly, the anomalous Vanuatu data do not show anomalous ray parameter residuals, either PcP or PKiKP, and the corresponding PKiKP-PcP differential travel time residuals are not particularly unusual (Figure 7) . Examination of the individual PcP and PKiKP amplitudes indicates that the abnormally large PKiKP/PcP ratios are mainly created by severely reduced PcP amplitudes and that the corresponding PKiKP amplitudes are unremarkable. This is further supported by the higher correlation between PcP amplitudes and LARRs than between PKiKP amplitudes and LARRs (Figure 8 ). Therefore the large Vanuatu LARRs are being created by anomalous structure at the CMB.
[25] Reductions in PcP amplitude by a factor of 10 are difficult to achieve at 30°if the only mechanism is variation of the P P reflection coefficient at the CMB created by heterogeneities in the lowermost mantle ( Figure 6 ). With no perturbation to density, a reduction in S velocity of about 45% combined with a P velocity reduction of 3 -4% would be required. Trade-offs between P and S velocity anomalies can change these numbers somewhat, but S reduction would have to be at least 40% and the ratio of S/P anomalies would remain unacceptably high. Therefore an increase in density is required. In order to generate S/P anomalies with Figure 6 . Sensitivity of theoretical PKiKP/PcP amplitude ratios to variations in material properties at the CMB and ICB. The ratios as a function of distance (assuming a surface focus) are presented for modest variations in (a) P velocity jump across the ICB, (b) S velocity at top of the inner core, (c) density jump across the ICB, (d) P velocity jump across the CMB, (e) S velocity at the bottom of the mantle, and (f) density jump across the CMB. In each case the relevant parameter is varied about the PREM value in small increments while the other model parameters are held fixed at PREM values. Jumps in velocity and density across a boundary are implemented by equally perturbing the values above and below the boundary with respect to a PREM-derived average. ratios not significantly higher than 3:1, as predicted, for instance, for partial melt [i.e., Williams and Garnero, 1996; Berryman, 2000] , a density increase of at least 20% is required. In this case the density increase would be related to additional chemical heterogeneity, perhaps caused by iron enrichment across the CMB, since the density difference between liquid and solid silicates is expected to be small at high pressures. An example model that produces the needed reduction in PcP amplitudes has a P reduction of 10%, an S reduction of 35%, and a density increase of 20%. Clearly, this problem is nonunique, and the required S/P ratio can be reduced (increased) by allowing larger (smaller) density increases.
[26] Such models seem extreme but are consistent with previous observations of ultralow-velocity zones (ULVZs), especially when the trade-offs among the model parameters are fully considered [Garnero and Jeanloz, 2000] .
There is also evidence for ULVZs in regions neighboring the area sampled by the Vanuatu data, based on anomalously large precursors to PKP [Vidale and Hedlin, 1998 ] and complexities in ScP waveforms [Rost and Revenaugh, 2003] . A ULVZ model is also appealing because modeling of SP diff KS has shown that density increases require a thinning of the ULVZ layer [Garnero et al., 1998 ], and a thin ULVZ would explain the fact that the PKiKP-PcP differential travel times from the Vanuatu paths are not anomalous. For example, a 10% P reduction over 10 km would slow PcP by only 0.20-0.25 s. This level of travel time anomaly could easily be obscured by the geographical incoherence of PcP properties within the cluster of Vanuatu data.
[27] A second related explanation for extreme reductions of PcP amplitudes near 30°is the existence of a diffuse or ''fuzzy'' core-mantle boundary [Garnero et al., 1998; Garnero and Jeanloz, 2000] . While the CMB normally reflects 1 Hz compressional energy, implying that the transition occurs over 3 -4 km at most, it is plausible that in certain regions the transition occurs over a wider range of depths, perhaps owing to enhanced chemical reactions between the core and mantle. It is well known that reflection coefficients are dramatically reduced as the thickness of a transition approaches the wavelength of the incident wave [Richards, 1972] . The wavelength of 1 Hz P waves in the lowermost mantle is about 13.5 km; therefore a CMB transition that occurs over a depth range of 5-6 km could give dramatic reductions in 1 Hz PcP amplitude. Such a fuzzy region would have to have extreme lateral variability to account for the scatter within the Vanuatu cluster, yet this possibility cannot be easily discounted. Like a thin ULVZ, a fuzzy CMB could reduce PcP amplitudes without causing significant PcP travel time anomalies.
[28] A third possibility for substantially reducing PcP amplitude is abnormally high amplitude topography on the CMB. Extremely small-scale topography, such as the 10-20 km wavelengths called upon to explain PKKP precursors [Earle and Shearer, 1997] , has been shown to cause uniform reductions in PcP amplitude [Kampfmann and Muller, 1989] . For example, sinusoidal topography with an amplitude of 1 km and a wavelength of 20 km causes amplitude reductions of about 15% at 30° [Kampfmann and Muller, 1989] . With higher-amplitude topography, irregular geometries, and contribution from several wavelengths it is plausible that PcP amplitude reductions approach the 50-60% needed to explain some of the anomalous PKiKP/PcP amplitude ratios. However, to account for the extreme variability and 80-90% reductions in PcP amplitudes seen for the Vanuatu data, CMB topography at longer wavelengths is required so that the PcP phase becomes alternately focused and defocused [Neuberg and Wahr, 1991; Kampfmann and Muller, 1989] . Previous work has shown that focusing effects can cause short-period PcP amplitudes to vary by factors of 4 -5 for sinusoidal topography with amplitude of 3 km and wavelength of 300 km [Neuberg and Wahr, 1991] . With more irregular, Earth-like geometries the geographical scatter can only be expected to increase. However, such CMB topography would likely generate coherent PcP travel time anomalies, which are not observed. Hence small-and medium-scale CMB topography may be a contributing factor to the reduction in PcP Figure 8 . The PKiKP/PcP amplitude ratio residuals observed at ASAR plotted against (a) PcP amplitude and (b) PKiKP amplitude. Note that both scales are logarithmic. The stronger correlation of residuals with PcP amplitudes implies that the anomalously high residuals are created by unusually small PcP phases and not by unusually large PKiKP phases. A similar trend is seen for station WRA.
amplitudes but probably cannot be the sole explanation for the Vanuatu data.
Radial Variations in Earth Structure From
PKiKP/ /PcP Amplitude Ratios
[29] While there is substantial lateral variation in PKiKP/PcP amplitude ratios, when the data are binned, a smooth distance-dependent trend is resolved (Figure 3b ). This implies that the geographical coverage of the data provides enough averaging to make the data set useful for constraining radial Earth properties. Clearly, the lateral averaging of the PKiKP/PcP data is not as complete as other seismic observations used to constrain radial Earth models; however, we emphasize that the current data set is dramatically larger than previous PKiKP/PcP data sets and that the seismic properties of the ICB are relatively poorly constrained.
[30] Initially, we fit the PKiKP/PcP amplitude data assuming a three-parameter model of (Dr) ICB , (DP) ICB , and (DS) ICB , with the philosophy that the average structure of the CMB is known more accurately than the average structure of the ICB and that in the distance range where most of the PKiKP/PcP observations exist, there is stronger sensitivity to ICB structure than CMB structure. We evaluate prospective models using an L2 norm with weights derived from the standard errors of the PKiKP/PcP amplitude ratio observations. Lower bounds, upper bounds, and search increments are defined as 0.0, 1.5, 0.1 g/cm 3 for (Dr) ICB ; 0.0, 1.5, 0.1 km/s for (DP) ICB ; and 0.1, 4.5, 0.1 km/s for (DS) ICB . We use a larger range for (DS) ICB because compared to the other free parameters, it is less well known and less constrained by the distribution of PKiKP/PcP observations.
[31] We performed the grid search using both the raw and reduced data set (Figures 3a and 3b) , and in both cases the optimal (DS) ICB was quite low. For the raw data the optimal parameters ((Dr) ICB , (DP) ICB , (DS) ICB ) are (0.0, 1.0, 0.1), and for the reduced data set they are (0.0, 1.0, 0.5). We present cross sections of the objective function in Figure 9 . Significant trade-offs are evident among the three parameters. In addition to the expected inverse relationship between (Dr) ICB and (DP) ICB that acts to keep a constant P impedance jump across the ICB, there is a direct relationship between P impedance and (DS) ICB . Increases in (DS) ICB can be compensated by increases in either (Dr) ICB or (DP) ICB . The (DP) ICB values for the optimal three-parameter models are unrealistically high, and given the nonuniqueness of the problem and the fact that (DP) ICB is well constrained from other seismic data, it is useful to consider a two-parameter search in which (DP) ICB is fixed at the PREM value. In this case the optimal values are (Dr) ICB = 0.3 g/cm 3 and (DS) ICB = 2.0 km/s for the raw data and (Dr) ICB = 0.3 g/cm 3 and (DS) ICB = 2.1 km/s for the reduced data.
[32] The standard errors in the data lead to relatively small uncertainties in the optimal parameters, even considering the extensive trade-offs among the model parameters. We estimate these errors to be approximately 0.1 km/s for (DS) ICB and 0.03 g/cm 3 for (Dr) ICB . A much more significant source of error comes from the assumption that the CMB properties are exactly PREM-like. We attempt to quantify this bias by implementing a model resampling technique, analogous to the data resampling used to estimate errors for the PKiKP/PcP amplitude ratios. We generate random eight-parameter models of the CMB and the P velocity at the ICB using PREM values as means of a series of normal distributions. We assign standard deviations for P and S velocity above the CMB as 2.5% of the PREM value, and for the other six parameters we use 1% of the PREM value. We then select a model and perform a grid search to find the optimal values for (DS) ICB and (Dr) ICB as described above. We repeat this process 500 times to generate a set of pseudosolutions from which we calculate the mean and standard deviation for each parameter.
[33] The results from the model resampling grid searches are reported in Table 1 . We experimented with data sets reduced into ray parameter bins of 1 and 2 s/rad, as well as corresponding data sets in which all the Vanuatu data have been removed. The mean value for (DS) ICB is consistently at 1.8 -1.9 km/s for all the runs, and standard deviations are about 0. . Although the PREM values of (DS) ICB = 3.5 km/s and (Dr) ICB = 0.6 g/cm 3 provide nearly comparable fits to the PKiKP/PcP data, because of the direct trade-off between (DS) ICB and (Dr) ICB it appears that the optimal values are significantly lower than the PREM values. We have also calculated F ratios [Menke, 1989] for the three optimal models derived without the Vanuatu data and find that the models are significantly better than PREM with a probability of 87 -88%. Other PKiKP-based studies of the ICB have also found low S velocities at the top of the inner core, i.e., 2.5-3.0 km/s [Hage, 1983] , 3 ± 1 km/s [Cummins and Johnson, 1988] , and >2.5 km/s .
[34] The preference for low (DS) ICB comes from the slower than expected decrease of observed PKiKP/PcP amplitude ratios with distance ( Figure 3b ). While changes in (DP) ICB and (Dr) ICB have a stronger effect on PKiKP/PcP amplitude ratios at distances of 20°-40°, they tend to offset the entire curve, while large changes in (DS) ICB are more effective at changing the slope (Figure 6 ). The reduction in (DS) ICB needed to modify the slope in the PKiKP/PcP amplitude curve then leads to a reduction in the optimal (Dr) ICB because of the trade-offs among the model parameters and the fact that (DP) ICB is being held constant.
[35] Fundamentally, the uncertainty in resolving (DS) ICB comes from the lack of PKiKP observations at distances greater than 50°. We illustrate this in Figure 10 by comparing PKiKP/PcP amplitude predictions for PREM with those for the optimal model from this study. The curves have only modest differences for distances between 0°and 50°but diverge significantly at larger distances. This has been recognized previously, but to our knowledge, there has only been a single systematic study of PKiKP amplitudes in the range of 50°-90° . Shearer and Masters used nonobservations of PKiKP to place upper bounds on PKiKP/P amplitude ratios, arguing that (DS) ICB must be larger than 2.5 km/s. However, Shearer and Masters did not consider corrections to PKiKP/P amplitude ratios based upon focal mechanism and did not select prospective data based upon focal mechanism and earthquake depth. Other studies have shown that such source-based selection criteria are important in making precritical PKiKP observations [Souriau and Souriau, 1989; . Furthermore, the PKiKP/P study of Shearer and did not use data from a small-aperture arrays, which also increases PKiKP visibility. Therefore the possibility of significantly reduced Figure 9 . Results of a series of grid searches for the ICB material properties of P velocity jump (DV p ), density jump (Dr), and shear velocity at the top of the inner core (V s ). In all cases the material properties at the CMB are fixed at PREM values. (a) DV p held constant and Dr and V s vary, (b) Dr held constant and DV p and V s vary, (c) V s held constant and DV p and Dr vary, and (d) all three parameters vary simultaneously. The misfit is calculated with an L2 norm using the bootstrap-derived errors as weights. We used the unreduced data set that does not include the Vanuatu data. 
Conclusions
[36] The data set of 279 PKiKP/PcP amplitude ratios presented in this study is 15 times larger than the sum of all previously published observations. The data show consistent lateral and distance-dependent trends that strongly imply that signals from deep Earth structure outweigh observational uncertainties. Although the PKiKP/PcP amplitude ratios are influenced by heterogeneities in the lowermost mantle, they provide one of the few direct constraints on the jump in density and S velocity at the ICB. Contrary to previous studies, the PKiKP/PcP data do not imply excessively large density jumps (>1.0 g/cm 3 ) at the ICB. The optimal model has a density jump of 0.3 g/cm 3 and S velocity at the top of the inner core of 2.0 km/s. Considering uncertainties in the data and in the modeling, we estimate upper bounds of 0.45 g/cm 3 and 2.5 km/s. Previous PKiKP/PcP amplitude studies were probably influenced by a sampling bias in which only anomalously big PKiKP were considered. A similar bias is possible in this study as well, since we do not consider ''nonobservations'' of PKiKP; however, it is likely much less pronounced because of the relatively large number of observations.
[37] The jumps in S velocity and density across the ICB derived from normal mode constraints are somewhat higher than the ones found in this study. For instance, PREM has a density jump of 0.6 g/cm 3 across the ICB and S velocity at the top of the inner core of 3.5 km/s. Because of trade-offs among the model parameters the higher PREM values provide only a slightly worse fit to the PKiKP/PcP data than the optimal models. The trade-offs result from our lack of PKiKP observations in the distance range of 50°-90°, which is the best ray parameter regime for resolving S velocity below the ICB. We are currently working to augment the present data set of PKiKP/PcP amplitude ratios with PKiKP/P amplitude ratios at 50°-90°to help address this issue . Nevertheless, our preliminary result is consistent with other PKiKP-based inferences that S velocity at the top of the inner core is lower than that predicted by PREM. The apparent discrepancy can be reconciled, however, by recognizing that PREM values are constrained by normal mode data, which have broad depth-dependent sensitivities, while the PKiKP data are directly related to ICB structure. Therefore strong gradients in the properties of the uppermost inner core, or a distinct layer at the top of the inner core, can satisfy both seismic observations. From travel time studies of refracted waves it has been suggested that the outermost inner core has significantly reduced anisotropy compared to the bulk of the inner core [e.g., Shearer, 1994; Song and Helmberger, 1998; Garcia and Souriau, 2000; Ouzounis and Creager, 2001] .
[38] We observe extremely high PKiKP/PcP amplitude ratios for a series of earthquakes occurring in the Vanuatu subduction zone and recorded at the array stations ASAR and WRA in central Australia. Many of these data have ratios that are 8-12 times larger than predicted by PREM; however, there are nearby paths that have ratios only 2-3 times larger than predicted. The vast majority, and possibly all, of the anomalous ratios are caused by severe reductions in PcP amplitude. At these distances (D % 30°) it is difficult to reduce PcP amplitude without appealing to extreme models of the CMB. Possibilities include unusually rough topography on the CMB that defocuses and scatters the incident energy, or an unusually thick CMB that is nearly transparent to high-frequency energy; however, the simplest explanation is the existence of an ultralow-velocity zone (ULVZ). Such features are known to vary on short spatial scales and so would be consistent with the scatter within the Vanuatu data. Modeling the required reduction in PcP amplitude is nonunique, but an example ULVZ model that satisfies the observations has a P reduction of 10%, an S reduction of 35%, and a density increase of 20%. Such a model could be accounted for by the presence of partial melt and enriched Fe content caused by chemical reactions across the core-mantle boundary. Figure 10 . Comparison of the best fitting model from this study and PREM. The model was derived by a 2-D grid search over Dr at the ICB and S velocity at the top of the inner core, while holding DV p at the ICB and all the CMB properties constant. The misfit of PREM is only slightly larger than that of the optimal model. More PKiKP observations at distances of 50°-90°are needed to resolve definitively the S velocity at the top of the inner core.
